Sandberg. Sex differences in renal injury and nitric oxide production in renal wrap hypertension. Am J Physiol Heart Circ Physiol 288: H43-H47, 2005. First published August 19, 2004; doi:10.1152/ ajpheart.00630.2004.-To investigate the faster rate of renal disease progression in men compared with women, we addressed the following questions in the renal wrap (RW) model of hypertension: 1) Do sex differences exist in RW-induced renal injury, which are independent of sex differences in blood pressure? 2) Do sex differences in nitric oxide (NO) production exist in RW hypertension? Male (M) and female (F) rats underwent sham-operated (M-Sham, n ϭ 7; F-Sham, n ϭ 10) or RW (M-RW, n ϭ 13; F-RW, n ϭ 14) surgery for 9 wk. Markers of renal injury, including the glomerulosclerosis index (F-RW, 0.70 Ϯ 0.1 vs. M-RW, 2.2 Ϯ 0.6; P Ͻ 0.05), mean glomerular volume (F-RW, 1.05 Ϯ 0.050 ϫ 10 6 vs. M-RW, 1.78 Ϯ 0.15 ϫ 10 6 m 3 ; P Ͻ 0.001), and proteinuria (F-RW, 68.7 Ϯ 15 vs. M-RW, 124 Ϯ 7.7 mg/day; P Ͻ 0.001) were greater in RW males compared with RW females. Endothelial NO synthase protein expression was elevated in the renal cortex (3.2-fold) and medulla (2.2-fold) 9 wk after RW in males, whereas no differences were observed in females. Neuronal NO synthase protein expression was unchanged in the renal cortex in males and in both the renal cortex and medulla in females, whereas in the male medulla, neuronal NOS was decreased by 57%. These data suggest the degree of renal injury is greater in male compared with female rats in RW hypertension despite similar degrees of hypertension and renal function and may involve sex differences in renal NO metabolism. renal damage; progressive renal disease; endothelial nitric oxide synthase; neuronal nitric oxide synthase; gender differences A META-ANALYSIS of the development and progression of four causes of chronic renal failure (CRF), including nondiabetic renal disease, polycystic kidney disease, membranous nephropathy, and IgA nephropathy, showed that men exhibit a more rapid decline in renal function than women (14). Sex differences have also been reported in experimental animal models of progressive renal disease. Compared with females, male rats are more vulnerable to the development of renal injury after subtotal nephrectomy (10) and two-kidney, one-clip (16).
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It is well known that hypertension is a major risk factor for progressive renal disease (8) , and clinical studies indicate that the incidence of hypertension is greater in men compared with women until women reach their seventh decade (19) . Sex differences in blood pressure control have also been shown in several animal models of hypertension with females having lower resting mean arterial pressure (MAP) than males (2, 3, 9) . It remains unclear how much sex differences in blood pressure control contribute to the sex differences observed in progressive renal disease.
Using radiotelemetry transmitters to monitor MAP continuously over 3 mo, we previously showed that the level of hypertension produced in the 1-kidney, figure-8 renal wrap (RW) model of experimental hypertension is markedly attenuated in female Sprague-Dawley (SD) rats maintained on a high-sodium diet compared with their male counterparts (7). On a normal sodium diet, however, the hypertension was indistinguishable between males and females 2 wk after RW. The effect of prolonged RW hypertension on the kidney has previously not been investigated.
Clinical studies indicate that chronic renal failure (CRF) is associated with dysfunction of the nitric oxide (NO) system (20, 21) . Animal studies support these clinical observations and suggest NO deficiency contributes to CRF (4, 22) . In this study, we investigated the effect of RW hypertension on renal damage, renal function, and renal NO synthase (NOS) expression in male and female rats. To address whether or not sex is an independent contributing factor in RW-induced renal injury, we investigated renal damage and renal function in RW animals maintained under conditions in which minimal differences in hypertension were observed between the sexes (i.e., a normal salt diet). To address whether or not the sex of the animal influences the effect of RW hypertension on the NO pathway, we compared endothelial NOS (eNOS) and neuronal NOS (nNOS) protein expression in the renal cortex and medulla of male and female sham-operated and RW animals.
EXPERIMENTAL PROCEDURES
Animal maintenance. SD male and female rats (7-8 wk old) were purchased from Harlan (Madison, WI) and maintained on a phytoestrogen-free normal salt (NS, 0.4% NaCl) diet.
Animal surgeries and body weights. All animal procedures were approved by Georgetown University Animal Care and Use Committee (GUACUC). With the rat under isoflurane anesthesia, the right kidney was removed while the contralateral kidney was tied using 2.0 silk thread in the female RW (F-RW, n ϭ 14) and male RW (M-RW, n ϭ 13) animal groups (7) . In F-sham-(n ϭ 10) and M-sham (n ϭ 7)-operated controls, both kidneys were visualized but not removed or wrapped. Body weights were determined at 0 and 9 wk postsurgery.
Blood pressure measurements and blood sampling. Rats were anesthetized with Inactin (100 mg/kg) (Sigma) and placed on a heated table to maintain body temperature at 37°C. A tracheotomy was performed to allow spontaneous breathing. A catheter was placed in the carotid artery for blood pressure measurements using a blood pressure analyzer (Digi-Med; Louisville, KY) and for blood sampling. At the time of euthanasia, blood was collected in ice-cold Vacutainer tubes (Becton Dickinson) containing heparin sulfate. Samples were centrifuged at 2,000 g for 10 min, and the plasma (supernatant) was removed and frozen at Ϫ20°C for future studies.
Histology preparation. After 9 wk, rats were anesthetized with Inactin (100 mg/kg). Kidneys were fixed in 10% formaldehyde and embedded in 2-hydroxyethyl-methacrilate (Technovit 7100, Kulzer; Wehrheim, Germany) to minimize tissue distortion associated with paraffin embedding. Renal tissue was cut into 2-m sections and stained with hematoxylin and eosin (for general morphological examination), Periodic acid Schiff's (PAS) (for assessment of basement membrane changes), or Masson's trichrome stain (for demonstration of collagen deposition). PAS-stained sections were examined using a Nikon Eclipse E600 light microscope.
Renal pathology. All specimens were examined by a pathologist (C. Pesce) blinded to the group assignment of the experimental animals. One hundred glomeruli per section were assessed, and the degree of glomerular sclerosis was graded on a scale of 0 -4 [grade 0, (normal glomeruli); grade 1, sclerotic area up to 1-25% (minimal sclerosis); grade 2, sclerotic area 26 -50% (moderate sclerosis); grade 3, sclerotic area 51-75% (moderate-severe sclerosis); and grade 4, sclerotic area 76 -100% (severe sclerosis)]. The glomerulosclerotic index (GSI) index was calculated using the following formula: GSI ϭ
where nx is the number of glomeruli in each grade of glomerulosclerosis (GS). The degree of tubulointerstitial fibrosis was defined as tubular atrophy or dilatation, deposition of extracellular matrix (ECM), and interstitial cell proliferation and was assessed in Masson's trichrome-stained sections. The degree of tubulointerstitial fibrosis was graded on a scale of 0 -4 [grade 0, (normal); grade 1, affected area Ͻ1-25%; grade 2, affected area 26 -50%; grade 3, affected area 51-75%; and grade 4, affected area Ͼ75%].
Morphological analysis. A custom-made, C language macro was written to measure the area of glomerular tuft profiles with the Optimas 6.5 image analysis system (MediaCybernetics; Silver Spring, MD). The areas of at least 100 glomerular tuft profiles per kidney were measured. The glomerular tufts considered were subsequent unselected occurrences falling in the observation field of the operator who moved the stage in a serpentine fashion from the outer to the juxtamedullary cortex. The mean glomerular volume (MGV) was estimated from the harmonic mean of the profile areas as previously described (12) .
Urine protein excretion. Rats were placed in metabolic cages for determination of 24-h urinary protein excretion rates using the BioRad protein assay method.
Glomerular filtration rate. Serum and urinary creatinine levels were measured with a creatinine autoanalyzer (Creatinine Analyzer 2, Beckmann), and creatinine clearance per 100 g body wt was calculated on the basis of 24-h urine collection. Plasma standards were run to ensure chromagen interference was minimal in these samples.
eNOS and nNOS protein expression. eNOS and nNOS protein expression were determined by Western blot analysis as previously described using monoclonal anti-eNOS and anti-nNOS antibodies (BD Biosciences Pharmingen) at 1:3,000 and 1:2,000 dilution of the primary antibody, respectively, and 1:10,000 and 1:7,000 dilution of the secondary antibody, respectively (1, 18) . Rat fetal brain protein was used for the positive controls.
Statistics. Data are expressed as means Ϯ SE. Statistical significance of the differences between groups were determined by two-way ANOVA followed by Student-Newman-Keuls post hoc tests. Differences were considered significant at P Ͻ 0.05.
RESULTS
Mean arterial pressure. Nine weeks after surgery, there were no differences in MAP between the sexes in shamoperated animals ( Table 2 ). RW increased MAP in both male and female animals to hypertensive levels (MAP Ͼ 135 mmHg), but there were no sex differences observed in the degree of hypertension.
Body weight. At the onset of the study, male (264 Ϯ 6.0 g) and female (223 Ϯ 6.9 g) rats were of equivalent weight. Although body weights increased in both male (Sham, 53%; RW, 58%) and female (Sham, 24%; RW, 24%) rats during the 9-wk experiment, the increase in body weight was greater in the males (Table 2) . There was no effect of RW on either female or male body weights ( Table 2) .
Renal damage. Whereas renal lesions developed in both male and female animals 9 wk after RW, there were striking sex differences in the incidence and severity of renal damage (Fig. 1, Table 1 ). The pathology was exacerbated in the male RW kidneys. Many glomeruli were enlarged and frequently showed PAS-positive deposits in the mesangium, mesangial expansion, and areas of segmental necrosis (Fig. 1D, Table 1 ). There were proteinaceous deposits in Bowman's space; some glomerular tufts showed sinechiae, and the capsule was associated with cellular proliferation. The tubules were dilated and there were hyaline casts in the distal tubules. The female RW kidneys showed milder lesions with focal mesangial deposits of PAS-positive material but no segmental necrosis (Fig. 1B,  Table 1 ). Only occasional hyaline casts were observed in the tubules. Sex differences were also observed in mean glomerular volume (MGV) (Fig. 2) . Whereas MGV increased after RW in males (twofold) and females (1.3-fold), the magnitude of the effect of RW on the increased MGV was 1.7-fold greater in male compared with female animals. Values are means Ϯ SE. Kidneys were processed as in Fig. 1 . Diffuse and nodular glomerulosclerosis (GS), glomerulosclerosis index (GSI), and tubular damage were assessed 9 wk after surgeries in female and male sham-operated (F-Sham, n ϭ 10; M-Sham, n ϭ 7) and renal wrap (RW) animals (F-RW, n ϭ 14; M-RW, n ϭ 13). *Mainly polar, synechiae, capsular fibrosis. †Few casts.
‡Proteinaceous casts, damaged tubular cells, interstitial fibrosis.
Proteinuria. Sex differences in proteinuria were observed (Fig. 3) . Urine protein levels were 2.9-fold higher in shamoperated males compared with sham-operated females and 1.8-fold higher in RW males compared with RW females. Proteinuria increased markedly after RW in both male and female animals.
GFR. GFR markedly decreased after RW in both male (by 35%) and female (by 39%) animals; however, no sex differences were observed between the levels or in the magnitude of the effect of RW on GFR (Table 2) .
Renal eNOS protein expression. In the sham-operated female, the levels of eNOS protein expression were 2.8-fold greater in the renal cortex compared with the sham-operated male and did not change after RW hypertension (Fig. 4A) . In contrast, eNOS levels increased by 3.2-fold 9 wk after RW hypertension in the male renal cortex. Although no sex differences in eNOS protein expression were observed in the renal medulla of sham-operated animals, after RW hypertension, eNOS protein expression increased by 2.2-fold in the male, whereas no changes were observed in the female medulla (Fig. 4B) .
Renal nNOS protein expression. In the renal cortex, no sex differences were observed in nNOS protein expression in sham-operated animals and RW hypertension had no effect in either sex (Fig. 5A) . In contrast, in the medulla, nNOS levels were twofold greater in sham males compared with sham females and 9 wk after RW hypertension, nNOS levels decreased by 57% in males but remained unchanged in females (Fig. 5B ).
DISCUSSION
In this study, the first question we addressed was the following: Is sex an independent contributing factor in RWinduced renal injury? To address this question, we maintained all of the animal groups on a normal salt diet, because previously, using telemetry in conscious animals, we found no sex differences in the degree of hypertension 2 wk after RW in animals maintained on a normal salt diet (7). Our current findings support this earlier study. Although the MAP increased by ϳ25% 9 wk after RW, no differences in MAP were observed between male and female RW animals.
RW males exhibited greater GS and tubular damage and greater MGV than RW females. Proteinuria was also greater in RW males compared with RW females. The finding that sex differences in vulnerability to renal injury were observed even though no sex differences in MAP were detected suggests that the sex of the animal is an independent contributing factor in determining the degree of renal damage. These findings support observations in the subtotal nephrectomy model of GS in which disparate degrees of proteinuria and GS between males and females were found despite similar degrees of systemic arterial hypertension and GFR (10) . Nonetheless, we cannot rule out the possibility that small differences in blood pressure between males and females may also have contributed to the sex differences in renal damage. Whereas changes in blood ϭ 14) , and M-RW (n ϭ 13) 9 wk after surgeries are shown. *P Ͻ 0.05 compared with sham controls same sex; #P Ͻ 0.001 compared with females same group. Fig. 3 . Twenty four-hour urinary protein excretion levels in F-Sham (n ϭ 10), M-Sham (n ϭ 7), F-RW (n ϭ 14), and M-RW (n ϭ 13) 9 wk after surgeries are shown. *P Ͻ 0.05 compared with sham controls same sex; #P Ͻ 0.001 compared with females same group. pressure observed under Inactin anesthesia often reflect changes occurring in conscious animals, MAP measurements under anesthesia are, in general, less sensitive to perturbations than in the conscious animal (6, 15) . Furthermore, differences in renal vascular resistance per glomeruli between males and females may also contribute to the observed sex differences in renal pathology. Studies show that while the number of glomeruli are the same between males and females, renal vascular resistance is much higher in females and thus the male kidney is vasodilated relative to the female (13) .
The second question we addressed was the following: Does the sex of the animal influence the effect of RW hypertension on the NO pathway? Sex differences were observed in eNOS and nNOS protein expression in sham-operated animals. When compared with the male, eNOS was 2.8-fold higher in the female renal cortex, whereas nNOS was 49% lower in the renal medulla. These observations in sham-operated animals extend previous studies showing that sex differences exist in NO production in the kidney. In this regard, Reckelhoff et al. (18) showed that eNOS protein and mRNA expression were higher in the female kidney compared with males. Second, we found that RW hypertension had no effect on eNOS and nNOS protein expression in either the renal cortex or medulla of the female rat. In stark contrast to the female, eNOS protein expression was upregulated in both the renal cortex and medulla while nNOS protein expression was markedly reduced in the medulla of the male kidney. These observations suggest that males are more susceptible to changes in NO production than females in RW hypertension.
Clinical studies suggest that CRF is a condition of NO deficiency. Total NO production measured by urinary nitrites and nitrates (NOx) is low in patients with chronic renal disease (20) and in patients with end-stage renal disease on peritoneal dialysis (21) . Animal studies support the clinical observations and suggest that NO deficiency contributes to CRF. Wistar Furth (WF) rats are less prone to developing proteinuria, severe kidney damage, and decreased renal function than SD rats after 5/6 renal ablation/infarction (A/I) (5). Resistance of the WF strain to developing CRF in the A/I model was associated with greater NO production compared with the more susceptible SD strain. Baseline levels of NO were elevated and total NO production was maintained in the WF rat despite a decrease in remnant kidney nNOS abundance. Moreover, low-dose inhibitors of NOS led to rapid progression of CRF in WF rats subjected to A/I (5).
The finding that RW hypertension in the male rat results in increased renal eNOS protein expression while reduced nNOS raises the possibility that in males, eNOS is upregulated in both the renal cortex and medulla to compensate for the loss in medullary nNOS. This interpretation is supported by studies showing that tubuloglomerular feedback (TGF) responsiveness is initially normal in male rats subjected to chronic nNOS inhibition, suggesting that other sources of NO production compensate for the loss in renal nNOS (17) . Eventually, however, chronic systemic nNOS inhibition leads to hypertension with a fall in GFR (11) .
Our studies also support the hypothesis that sex differences in NO regulation contribute to the increased risk men face for kidney disease compared with women and are consistent with previous studies showing that females are more resistant than male rats to developing proteinuria induced by chronic NOS inhibition; higher doses of N -nitro-L-arginine are needed to induce the same amount of proteinuria in females as males (22) . Moreover, renal NOS activity declines with age in the SD male rat, whereas no decline is observed in the aging female (4). This aging study suggests that females are protected from age-dependent kidney damage by their ability to maintain NOS activity, whereas aging males suffer from renal NO deficiency with age, which contributes to greater age-dependent kidney damage. In summary, we found that sex differences exist in the effects of RW hypertension on the kidney under conditions in which minimal changes in blood pressure and GFR were observed. Male rats had more severe GS, tubular damage, glomerular hypertrophy, and proteinuria than female rats after RW. Sex differences were also observed in the NO system. In the male rat, eNOS expression was increased in the renal cortex and medulla, whereas nNOS expression was decreased in the medulla after RW hypertension. RW hypertension had no effect on eNOS and nNOS protein expression in the female kidney. Together, these studies strongly suggest that the sex of the animal is an independent contributing factor in the progression of renal damage in RW hypertension and that sex differences in renal NO production contributes to the mechanisms underlying the greater susceptibility of males to renal injury induced by RW hypertension.
